We have investigated thermally stable and low resistance Zn/ Au ohmic contacts on Al-doped n-type ZnO layers. The Zn/ Au contacts produce linear current-voltage behaviors when annealed at temperatures in the range of 300 to 600°C for 1 min in a nitrogen ambient. The samples annealed at 500°C yielded contact resistivity as low as 2.36 ϫ 10 −5 ⍀ cm 2 . However, annealing the samples at 600°C degraded their electrical characteristics with contact resistivity of 1.01 ϫ 10 −2 ⍀ cm 2 . Based on the X-ray diffraction and X-ray photoemission spectroscopy results, the possible formation and degradation mechanisms of the Zn/ Au contacts are described and discussed. ZnO has attracted considerable interest because of its potential for use in ultraviolet ͑UV͒ and blue light-emitting diodes ͑LEDs͒, laser diodes, and UV photodetectors. [1] [2] [3] [4] [5] [6] [7] [8] To fabricate such highperformance optical devices, the attainment of high-quality ohmic contacts to ZnO is essential. For ohmic contacts on n-ZnO, in addition to Ta and Ru, Ti-and Al-based schemes have been widely investigated so far.
ZnO has attracted considerable interest because of its potential for use in ultraviolet ͑UV͒ and blue light-emitting diodes ͑LEDs͒, laser diodes, and UV photodetectors. [1] [2] [3] [4] [5] [6] [7] [8] To fabricate such highperformance optical devices, the attainment of high-quality ohmic contacts to ZnO is essential. For ohmic contacts on n-ZnO, in addition to Ta and Ru, Ti-and Al-based schemes have been widely investigated so far. [9] [10] [11] [12] [13] [14] [15] For example, Ti/ Au layers were often used as n-type ohmic electrodes for devices, such as n-ZnO/ p-diamond heterojunction, 6 and ZnO homostructural p-i-n junction LEDs. 2 Ti/ Al/ Pt/ Au layers and Al layers were also used as n-type ohmic contacts to fabricate n-ZnO/ P-doped ͑Zn, Mg͒O junction 7 and ZnObased UV photodetectors. 8 It was shown that for the Ti-and Albased ohmic contacts, interaction between metals and ZnO plays a key role in forming good ohmic behaviors. 9, 10 However, such interfacial interaction resulted in the formation of either Ti or Al-oxide having high sheet resistance, consequently leading to unsatisfactory thermal stability. In this work, to solve such a problem, a 20 nm thick Zn layer was introduced as a contact metal to n-ZnO, because Zn can easily form conductive oxide upon annealing. Furthermore, if Zn atoms could diffuse into ZnO, Zn interstitials ͑which are known as shallow donors͒ would form at the ZnO surface region. 16 It is shown that the Zn/ Au contacts become ohmic with contact resistivity of 2.36 ϫ 10 −5 ⍀ cm 2 when annealed at 500°C. The Al-doped n-ZnO layers ͑1m thick͒ were grown on ͑0001͒ sapphire substrates at 900°C by a reactive sputtering system using ZnO target containing 0.01 wt % Al 2 O 3 . The carrier concentration ͑ϳ1.1ϫ 10 18 cm −3 ͒ and mobility ͑ϳ11.6 cm 2 /V s͒ of the layer were measured at room temperature by means of Hall effect measurements with the Van der Pauw geometry. Prior to lithography, the samples were ultrasonically degreased using trichloroethylene, acetone, and methanol for 5 min in each step, and then rinsed with deionized ͑DI͒ water. Circular-transfer length method ͑C-TLM͒ patterns were defined on the surface-cleaned ZnO by standard photolithography and a lift-off technique. The inner radius of the C-TLM pad was 25 m and the spacing between the inner and outer radii varied from 3 to 18 m. For the C-TLM measurement, the total resistance, R t , between two contacts separated by the gap is given by R t = R sh /2͕ln͓͑r + d͒/r͔ + L t ͓1/͑r + d͒ + 1/r͔͖, where R sh denotes the sheet resistance of semiconductor, r and d represent the radius of the inner circular contact and gap spacing, respectively, and L t is the transfer length. 17 Zn ͑20 nm͒/Au ͑80 nm͒ films were subsequently deposited on the patterned n-ZnO layer by electron beam evaporation. Some of the samples were then rapid-thermalannealed at temperatures in the range of 300-600°C for 1 min in a nitrogen ambient. Current-voltage ͑I-V͒ measurement was made using a parameter analyzer ͑HP 4155A͒. Glancing angle X-ray diffraction ͑GXRD͒ examination ͑using Cu K␣ radiation͒ ͑a Rigaku diffractometer, D/MAX-RC͒ was made to characterize the interfacial reactions between the metal and ZnO layers at a fixed incident angle of 1°. X-ray photoemission spectroscopy ͑XPS, EscaLab model 210͒ was performed using a Mg K␣ X-ray source in an ultrahigh vacuum system with a chamber base pressure of ϳ10 −10 Torr. Figure 1 shows the I-V characteristics of the Zn/ Au contacts as a function of the annealing temperature, measured on the 6 m spaced pads. All samples reveal linear I-V characteristics. As the annealing temperature increases, the electrical behavior becomes improved, reaches the best at 500°C, and then becomes degraded. Specific contact resistance extracted from the least square curve fitting of R t vs. ln͓͑r + d͒ / r͔ was measured to be 8.91ϫ 10 −4 , 5.42 ϫ 10 −4 , 2.36ϫ 10 −5 , and 1.01 ϫ 10 −2 ⍀ cm 2 for the samples annealed at 300, 400, 500, and 600°C, respectively.
GXRD examination was made of the samples annealed at 500 and 600°C. For the sample annealed at 500°C, Fig. 2a , there are characteristic diffraction peaks of Au and ZnO. It is noted that the diffraction peaks of metallic Zn are not detected. This indicates that most of the metallic Zn became oxidized during annealing and turned into ZnO. For the sample annealed at 600°C, Fig. 2b , in addition to Au and ZnO, there are extra diffraction peaks. This is indicative of the formation of new interfacial phase, which is identified to be Au 3 Zn. Figure 3a shows the XPS Zn 2p core levels obtained from the interface and bulk regions of the sample annealed at 500°C. The Zn 2p 3/2 core level from the interfacial region can be deconvoluted into two peaks located at 1022.1 and 1022.6 eV. The former results from ZnO, while the latter arises from Zn-rich ͑or oxygen deficient͒ ZnO 1−x , 18, 19 which could be formed as a result of the interaction between metallic Zn and oxygen introduced from the annealing gas and/or out-diffused from the ZnO layer during an annealing process. This indicates that two different phases coexist at the interface region. Figure 3b shows the O 1s core level obtained from the interfacial region. The O 1s peak exhibits high symmetry without a shoulder at the higher energy side ͑ϳ531.6 eV͒, which is commonly detected in ZnO surfaces and metal/ ZnO interfaces. 20 Figure 4 shows atomic force microscopy ͑AFM͒ images of the samples before and after annealing at 500°C. The as-deposited sample exhibits a surface with root-mean-square ͑rms͒ roughness of 2.32 nm. Upon annealing the surface of the sample became smoother with rms roughness of 1.66 nm. This is interesting, since most of n-type ohmic schemes reported so far, e.g., Ti/Au, Al/Pt, Ti/ Al/ Pt/ Au and Re/ Ti/ Au, experienced surface roughening when annealed. 9, [13] [14] [15] The reason why our samples show different behavior may be related to the consumption of oxygen introduced from the annealing gas and/or outdiffused from ZnO. In other words, unlike other schemes, for the Zn/ Au contacts, the introduced oxygen re-acted with metallic Zn and participated in the formation of Znoxide. This could also explain why the present Zn/ Au contacts show particularly good mechanical adhesion to n-ZnO during a lift-off process.
Based on the I-V characteristics, GXRD, and XPS results, the annealing dependence of the electrical properties of the Zn/ Au contacts could be explained as follows. First, the improved electrical behaviors could be related to the presence of Zn-rich ͑or oxygendeficient͒ oxide at the interface region. The formation of the Zn-rich ͑or oxygen-deficient͒ oxide indicates the generation of a number of Zn interstitials ͑or oxygen vacancies͒ at the interface above the ZnO, both known to serve as donor. 16 Consequently, this is indicative of the formation of an n + layer, which induces tunnelling current between the electrode and ZnO, resulting in the formation of ohmic contacts. 13, 15 Second, for the sample annealed at 600°C, the degraded electrical characteristics could be attributed to the formation of Au 3 Zn phase ͑Fig. 2b͒. The formation of Au 3 Zn phase may hinder the formation of Zn-rich ͑or oxygen deficient͒ oxide by consuming metallic Zn, and so preventing the formation of an n + layer. In addition, the formation of Au 3 Zn implies the out-diffusion of Zn from the sample, leading to the generation of Zn vacancies, known as shallow acceptor. 21 Thus, shelf-compensation may occur, resulting in a decrease of surface carrier concentration and hence the degradation of electrical behavior.
Conclusion
To summarize, we report on the formation of good ohmic contacts to n-ZnO:Al using Zn/ Au scheme. The Zn/ Au contacts showed specific contact resistivity of 2.36 ϫ 10 −5 ⍀ cm 2 when an- nealed at 500°C in a nitrogen ambient. The contact layers also showed very good adhesion to the ZnO and thermal stability ͑with a rms roughness of 1.66 nm at 500°C͒. Based on the XPS and GXRD results, ohmic and degradation mechanisms were described in terms of the formation of native point defects, such as oxygen vacancies, zinc interstitials and Zn vacancies.
